Abstract-Some camphor-derived vinyl sulfones bearing oxygen functionality at the allylic position have been synthesized and their nucleophilic epoxidation reactions under Meth-Cohn conditions have been explored. The γ-oxygenated camphor-derived vinyl sulfones underwent mildly diastereoselective nucleophilic epoxidation reactions, affording the derived sulfonyloxiranes in up to 5.8:1 dr. The observed diastereoselectivities were sensitive to the reaction conditions employed. In contrast, no stereoselectivity was observed in the nucleophilic epoxidation of the corresponding γ-oxygenated isobornyl vinyl sulfone. A tentative mechanism has been proposed to explain the origins of the diastereoselectivity.
Introduction
Unsaturated sulfones are versatile intermediates in organic synthesis, acting as both electron deficient olefins in a wide range of cycloaddition processes, and as Michael acceptors with a number of carbon and heteroatom nucleophiles. 1 In recent years, unsaturated sulfones have also been extensively used as substrates in catalytic asymmetric synthesis. 2, 3 However, although applications of chiral sulfones in asymmetric synthesis have been reported, 4 there appears to have been no reports of the applications of vinyl sulfones 1 which possess homochiral alkyl groups R* directly attached to the sulfur atom ( Figure 1 ). Given the widespread use of camphor derivatives as chiral auxiliaries, 5 we reasoned that vinyl sulfones bearing the camphorsulfonyl moiety 2 would be promising candidates for the preparation of enantiomerically enriched compounds. 6 Vinyl sulfones also act as synthetic precursors to α-functionalised carbonyl compounds. Nucleophilic epoxidation of vinyl sulfones with a metal alkyl peroxide under anhydrous conditions (Meth-Cohn epoxidation), 7 or under classical Weitz-Scheffer conditions 8 generates sulfonyloxiranes that react regiospecifically at the β-position with a range of heteroatom nucleophiles to generate α-functionalised carbonyl compounds.
9, 10 In addition, Sharpless asymmetric dihydroxylation of vinyl sulfones generates enantioenriched α-hydroxy aldehydes directly in a single step. 11 Jackson previously reported the synthesis and nucleophilic epoxidation of achiral (E)-3-benzyloxyprop-1-enyl phenyl sulfone 3 (Figure 1 ), 12 and showed that subsequent cleavage of related sulfonyloxiranes with magnesium bromide affords α-bromo ketones. 13 In addition, Mori reported the nucleophilic epoxidation of the (Z)-isomer of 3 which afforded the corresponding cis-sulfonyloxiranes. 14 Furthermore, an asymmetric variant of this methodology has been developed, involving diastereoselective nucleophilic epoxidation of vinyl sulfoximines derived from isopropylideneglyceraldehyde. 15 Sulfone 3 could thus be an attractive precursor to 3-O-benzylglyceraldehyde 4 ( Figure  1 ) using the above methodologies, and we envisaged that camphor-derived vinyl sulfones would be potential precursors for the asymmetric synthesis of α-hydroxy aldehydes such as 4 using these methodologies. 16 In this paper, we extend our recent investigations 17 on the utility of camphor-derived sulfones in asymmetric synthesis and report our findings on the use of camphor-derived vinyl sulfones as potential precursors to enantioenriched α-hydroxy aldehydes such as 4. 
Results and Discussion
We began by synthesizing camphor-derived vinyl sulfone 7 from sodium (−)-camphor-10-sulfinate 5, 18 which was itself prepared from (+)-camphor-10-sulfonic acid as previously described. 19 The novel γ-hydroxy vinyl sulfone 7 was prepared in 73 % yield by treatment of sodium (−)-camphor-10-sulfinate 5 with epichlorohydrin 6 using conditions employed for the synthesis of the corresponding achiral phenylsulfonyl compound. 20 Comparable yields of 7 were also obtained using conditions previously reported by Jackson. 13 The free alcohol 7 was subsequently converted into its benzyl ether 9
12 by treatment with benzyl-2,2,2-trichloroacetimidate 8 in DCM/hexane in the presence of an acid catalyst (Scheme 1). 21 As noted earlier, 19 attempts to synthesize 9 (and related vinyl sulfones) by iodosulfonylation of allyl benzyl ether with (+)-camphorsulfonyl iodide (generated in situ from sodium (−)-camphor-10-sulfinate 5 and iodine) met with no success, and led instead to the formation of (−)-10-iodocamphor.
Scheme 1.
The presence of a hydroxyl group in the chiral auxiliary provides the possibility of coordination-controlled stereoselectivity in the nucleophilic epoxidation reactions of chiral vinyl sulfones using metal alkyl peroxides. Accordingly, camphor-derived vinyl sulfone 9 was reduced to the corresponding exo-configured isobornyl vinyl sulfone 10 using either sodium borohydride in methanol, or DIBAL-H in THF (Scheme 2). In each case, substantial amounts of the saturated sulfone 11 were also formed via further reduction of the C-C double bond of 10. No traces of the corresponding endo-configured bornyl vinyl sulfone were detected in the crude products of these reactions.
We began by studying the nucleophilic epoxidation of vinyl sulfone 9 under conditions reported by Meth-Cohn using lithium tert-butyl peroxide in anhydrous THF. 7 Initial experiments conducted on a small scale using excess (4 equivalents) lithium tert-butyl peroxide in THF gave the product sulfonyloxiranes 13 as 1:1 mixtures of diastereomers, as determined by 1 H NMR spectroscopy. However, when the reaction was conducted on a larger scale using a smaller excess (3 equivalents) of lithium tertbutyl peroxide, a 5.8:1 ratio of diastereomers of 13 was obtained (Scheme 3). In another experiment using two equivalents of reagent, a 2.1:1 diastereomer ratio of 13 was obtained. The inseparable diastereomers of 13 were recovered as oils in rather poor yields (45 %) following chromatography. 22 It was thus not possible to determine the relative configuration of the oxirane ring in the major diastereomer. Our studies on the nucleophilic epoxidation of vinyl sulfones 7, 9 and 10 are summarised in Table 1 . Under similar conditions, nucleophilic epoxidation of the free alcohol 7 with lithium tert-butyl peroxide afforded in very low yield (15 %) the sulfonyloxiranes 12 as a 4.7:1 inseparable mixture of diastereomers as judged by 1 H NMR spectroscopy (Scheme 3). The possibility that the unprotected hydroxyl group of 12 underwent Payne rearrangement with subsequent elimination of lithium camphor-10-sulfinate under the basic reaction conditions may account for the low yield of the sulfonyloxiranes 12. Indeed, evaporation of the aqueous phase afforded a white solid which was shown by 1 H NMR spectroscopy in D 2 O to contain lithium camphor-10-sulfinate. In addition to 12, a significant quantity of the bis-camphorsulfonylmethyl-1,4-dioxane 14 was also obtained as a pair of diastereomers (ca. 1:1 d.r.) from the crude reaction product (Figure 2 ). These are clearly formed by bimolecular Michael addition to the double bond of 7 of the oxyanion derived from 7 which is formed under the basic conditions of the epoxidation reaction.
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Scheme 3.
The origins of the variable diastereoselectivity in the MethCohn epoxidation of sulfones 7 and 9 are unclear. Most examples of diastereoselective nucleophilic epoxidation of chiral electron deficient olefins involve substrates bearing asymmetric centres at the allylic position. 24 The observed diastereoselectivity is then influenced by a number of factors, including the conformational preferences of the substrate, coordination and solvent effects and the steric bulk and metal counter ion used in the epoxidising reagent. Jackson observed high levels of syn-diastereoselectivity in the nucleophilic epoxidation of chiral γ-hydroxy vinyl sulfones using lithium tert-butyl peroxide in THF; a result attributed to coordination of the lithium ion of the reagent to the allylic oxygen prior to oxygen atom delivery to the olefin. 25 Exclusive syn-diastereoselectivity was also observed in the nucleophilic epoxidation of enantiomerically pure γ-hydroxy-1-arylthio-1-nitroalkenes. In addition, variations in the extent of syndiastereoselectivity were observed by Jackson in the nucleophilic epoxidation of γ-oxygenated vinyl sulfoximines depending on the steric bulk of the reagent (tBuOOH v Ph 3 COOH) and the metal counter ion used (Li + v Na + v K + ), with the highest stereoselectivities being observed with lithium triphenylmethyl peroxide. 27 It has also been reported that protection of the hydroxyl group of α-(1-hydroxyalkyl) vinyl sulfones as silyl ethers can switch the mode of diastereoselection from syn (coordination controlled) to anti (sterically controlled). In order to verify if coordination and/or hydrogen bonding effects were responsible for the diastereoselectivity observed in the epoxidation of sulfones 7 and 9, the reaction was repeated in toluene, a solvent in which the effects of coordination would be expected to be enhanced. Higher levels of syn-diastereoselectivity were observed by Jackson in the nucleophilic epoxidation of γ-oxygenated-1-arylthio-1-nitroalkenes with lithium tert-butyl peroxide when toluene was used as the solvent rather than THF. 29 In the event, epoxidation of 9 with lithium tert-butyl peroxide in toluene gave a 1:1 mixture of diastereomers, suggesting that coordination and/or hydrogen bonding effects were not responsible for the diastereoselectivity previously observed in THF.
The nucleophilic epoxidation of 9 in THF was then carried out using the more sterically bulky reagent lithium triphenylmethyl peroxide. 30 Although we anticipated that higher levels of diastereoselectivity might be observed with this reagent, a 1:1 mixture of diastereomers of 13 was still obtained. The nucleophilic epoxidations of 9 were also carried out in the presence of Lewis acids in an attempt to enforce chelation control by coordination of the carbonyl and sulfone oxygens to the Lewis acid. However, no diastereoselectivity was observed when either magnesium chloride or titanium(IV) isopropoxide were employed in the epoxidation reactions.
We next examined the nucleophilic epoxidation reaction of 9 under classical Weitz-Scheffer conditions. 8 Once again however, a 1:1 ratio of diastereomeric sulfonyloxiranes 13 was obtained on treatment of 9 with sodium hydroperoxide in acetone. Attempts to effect an intramolecular epoxidation of 9 by in situ conversion of the carbonyl group of the auxiliary into a dioxirane moiety using either oxone/acetonitrile 31 In order to shed more light on the role of the camphor auxiliary in the nucleophilic epoxidations of sulfones 7 and 9, the epoxidation of isobornyl vinyl sulfone 10 was next examined. The reactions of 10 with lithium tert-butyl peroxide in either toluene or THF were quite slow, and took over 48 hours to reach completion. The rates of these reactions were significantly slower than those of 7 and 9, and analogous achiral sulfones. 7, 12 The sulfonyloxiranes 15 were isolated in excellent yields as 1:1 inseparable mixtures of diastereomers in each case following chromatography (Scheme 4). This result suggests that the carbonyl groups of 7 and 9 played a key role in the diastereoselection observed in the epoxidations of the ketones 7 and 9 in THF, although the reaction is clearly sensitive to the conditions employed. It should be mentioned that the lack of diastereoselection observed in the epoxidation of the alcohol 10 does not rule out lithium ion coordination by the hydroxyl group of 10. Coordination could have occurred, but a lack of rotamer control in the sulfonyl side-chain may have led to the observed lack of diastereoselection. The above results suggest that lithium ion coordination and/or hydrogen bonding effects are not responsible for the diastereoselectivities observed in the nucleophilic epoxidation reactions of sulfones 7 and 9 with lithium tertbutyl peroxide. A tentative mechanism can be proposed involving participation of the carbonyl group of the auxiliary (Scheme 5). The sulfonyl carbanion formed by Michael addition of the reagent to the double bond of either 7 or its benzyl ether 9 could cyclise with the auxiliary, forming the endo-configured tricyclic oxyanion intermediate 16 as one of two possible diastereomers epimeric at the β-position. 34 Collapse of this intermediate and subsequent elimination of lithium tert-butoxide affords the product sulfonyloxiranes 12 and 13.
Scheme 5.
Finally, with the sulfonyloxiranes 13 in hand, we briefly explored the hydrolytic ring-opening of 13 with sodium hydroxide. Unfortunately, when 13 was hydrolysed using sodium hydroxide in isopropanol at reflux, benzyl alcohol was obtained as the sole product, presumably arising via β-elimination from the target aldehyde 4 ( Figure 1 ) formed in situ. We also briefly explored the non-asymmetric Upjohn dihydroxylation 35 of vinyl sulfone 9. In this case, benzyl alcohol was also obtained when vinyl sulfone 9 was treated with osmium tetroxide/N-methylmorpholine-N-oxide in acetone/water at ambient temperature for 6 days. Efforts to find milder conditions for the preparation of 4 by hydrolysis of 13 and related achiral arylsulfonyloxiranes (eg: by using anhydrous hydroxide ion under Gassman conditions), 36 or by asymmetric dihydroxylation of the corresponding achiral vinyl sulfone 3 have so far met with no success. 
Conclusion
It has been found that γ-oxygenated camphor-derived vinyl sulfones undergo mildly diastereoselective nucleophilic epoxidation reactions under Meth-Cohn conditions. The observed diastereoselectivity is sensitive to the reaction conditions employed, with the highest stereoselectivities being observed using lithium tert-butyl peroxide (2 equivalents) in anhydrous THF. In contrast, no stereoselectivity was observed in the nucleophilic epoxidations of a γ-oxygenated isobornyl-derived vinyl sulfone. A tentative mechanism has been proposed to account for the stereoselectivity, involving participation of the carbonyl group of the chiral auxiliary. The application of these compounds to the asymmetric synthesis of 3-Obenzylglyceraldehyde was unsuccessful.
Experimental
General
NMR spectra were recorded using a Bruker AVANCE DPX 400 MHz spectrometer (400. 
Method A:
Sodium sulfinate 5 (9.5 g, 39 mmol) was dissolved in water (42 mL) and ethanol (10.5 mL) and epichlorohydrin 6 (6.2 mL, 79 mmol) was added. The solution was stirred at room temperature for 10 days. The solution was then diluted with water (100 mL) and extracted with ethyl acetate (3 × 100 mL). The combined organic extracts were washed with brine (50 mL), dried and evaporated to yield an oil. Removal of excess epichlorohydrin on an oil pump (ca. 0.1 mm Hg) afforded the title compound 7 as an oil (9.65 g, 88 %) which slowly crystallised after several days. A small portion of the product was triturated with a small volume of ether to afford an analytical sample of the title compound 7 as a white solid.
Method B:
Sodium sulfinate 5 (0.95 g, 3.9 mmol) was dissolved in water (10 mL) and DMF (0.5 mL) and epichlorohydrin 6 (0.62 mL, 7.9 mmol) was added. The solution was heated 
(1S,4R)-1-({[(1'E)-3'-Benzyloxyprop-1'-enyl]sulfonyl}methyl)-7,7-dimethylbicyclo[2.2.1]heptan-2-one 9.
Sulfone 7 (2.5 g, 9.1 mmol) was dissolved in dry DCM (40 mL) and dry hexane (80 mL) and benzyl-2,2,2-trichloroacetimidate 8 (2.5 mL, 13.6 mmol) was added. Trifluoromethanesulfonic acid (1 mL) was added dropwise and the solution was stirred at room temperature for 48 hrs. Hexane (100 mL) was added and the precipitated trichloroacetamide was filtered. The filtrate was diluted with ether (100 mL) and then washed with satd. aq. sodium hydrogen carbonate (50 mL) and brine (50 mL), dried and evaporated to yield an oil. Column chromatography on silica gel, eluting with ethyl acetate/hexane (1:2) afforded the title compound 9 as a colourless oil (2. Sulfone 9 (0.4 g, 1.1 mmol) was dissolved in methanol (20 mL) and sodium borohydride (0.16 g, 4.4 mmol) was added. The solution was stirred at room temperature for 3.5 hrs. The solution was then diluted with satd. aq. ammonium chloride (50 mL) and extracted with ether (3 × 50 mL). The combined organic extracts were washed with brine (50 mL), dried and evaporated to yield an oil (0.36 g). The crude product was purified by column chromatography on silica gel, eluting with ethyl acetate/hexane (1:3) to yield two products. The first product to elute was sulfone 10 (0.18 g, 45 %) as a colourless oil. The second product to elute was sulfone 11 (0.13 g, 32 %) as a colourless oil.
Method B: With Diisobutylaluminium Hydride.
Sulfone 9 (1.04 g, 2.8 mmol) was dissolved in dry THF (8 mL) under an atmosphere of nitrogen and cooled to 0 o C. Diisobutylaluminium hydride (3.43 mL, 1.5 M in toluene, 5.1 mmol) was added via syringe and the solution was stirred at 0 o C for 1 hr. The solution was then allowed to warm to room temperature and stirring was continued for an additional 4 hrs. The solution was then diluted with ammonium hydroxide (50 mL) and DCM (100 mL) and the phases were stirred vigorously for 1.5 hrs. The combined phases were filtered through Celite © and the filtrate was transferred to a separating funnel. The phases were mixed and separated and the aqueous phase was extracted with DCM (50 mL). The combined organic extracts were washed with brine (50 mL), dried and evaporated to yield an oil (1.0 g). The crude product was purified by column chromatography on silica gel, eluting with ethyl acetate/hexane (1:3) to yield two products. The first product to elute was sulfone 10 (0.34 g, 32 %) as a colourless oil. The second product to elute was sulfone 11 (0.50 g, 48 %) as a colourless oil. n-Butyllithium (2.4 mL, 2.5 M, 6.0 mmol for sulfone 7, 3.8 mL, 2.5 M, 9.5 mmol for sulfone 9, 0.46 mL, 2.5 M, 1.1 mmol for sulfone 10) was added dropwise via syringe to a solution of tert-butyl hydroperoxide (5.0 mL, 1.17 M in benzene, 6.0 mmol for sulfone 7, 8.0 mL, 1.17 M in benzene, 9.5 mmol for sulfone 9, 0.98 mL, 1.17 M in benzene, 1.1 mmol for sulfone 10) in dry THF (6 mL for sulfone 7, 7 mL for sulfone 9, 4 mL for sulfone 10) at −78 o C under an atmosphere of nitrogen. The solution was allowed to warm to −20 o C and a solution of sulfone 7, 9 or 10 (0.55 g, 2.0 mmol for sulfone 7, 1.15 g, 3.1 mmol for sulfone 9, 0.21 g, 0.55 mmol for sulfone 10) in dry THF (8 mL for sulfone 7, 14 mL for sulfone 9, 4 mL for sulfone 10) was added dropwise via syringe. The solution was stirred at −20 o C for 2 hrs (for sulfone 7), −20 o C for 2.5 hrs (for sulfone 9) or −20 o C for 4 h and then the solution was allowed to warm to room temperature and stirring was continued for an additional 46 hrs (for sulfone 10). The solution was then allowed to warm to room temperature, quenched with satd. aq. sodium sulfite (50 mL) and extracted with ether (3 × 100 mL). The combined organic extracts were washed with brine (50 mL), dried over sodium sulfate and evaporated to yield the crude sulfonyloxiranes 12, 13 or 15 as colourless oils whose diastereomer ratios were determined by 1 H NMR spectroscopy. In some cases the crude products were purified by column chromatography on silica gel, eluting with ethyl acetate/hexane (1:2) to afford the pure sulfonyloxiranes 12, 13 or 15 as colourless oils. 
(1S,2R,4R)-1-({[3'-
